The effects of deep cryogenic treatment on the microstructures and tribological properties of the self-lubricating iron matrix composites are investigated. The self-lubricating composites are deeply cryogenically treated at about −196 • C. The results show that with deep cryogenic treatment, the martensite phase transformation occurred from phase γ to α , and the fine particle carbides precipitated between martensites with the extension of cryogenic treatment time, measured by X-ray diffractometry (XRD) and scanning electron microscope (SEM). Compared with the as-sintered specimen, the maximum hardness of the specimens processed by cryogenic treatment increases by 172.8% from 253.2 HV to 690.7 HV. The materials with deep cryogenic treatment for 8 h show the best tribological properties, i.e., the average friction coefficient decreases by 75% from 0.36 to 0.09, and the wear coefficient decreases by 63% from 341 to 126 × 10 −6 mm 3 /Nm at 150 N and 8 mm/s. The improvement of the tribological property can be primarily attributed to the martensite phase transformation from γ to α and the precipitation of fine particles carbides between the martensites, which increase the hardness and the wear resistance after the cryogenic treatment.
Introduction
Self-lubricating metal matrix composites (SLMMCs) are an important category of engineering materials that are increasingly replacing a number of conventional materials in the automotive, aerospace, and marine industries due to superior tribological properties. In SLMMCs, solid lubricant materials including carbonous materials, molybdenum disulfide (MoS 2 ), and hexagonal boron nitride (h-BN) are embedded into the metal matrices as reinforcements to manufacture a novel material with attractive self-lubricating properties [1] .
Researchers have focused on the tribological behavior of self-lubricating metal matrix composites containing aluminum, copper, magnesium, nickel, iron, etc. For instance, aluminum matrix reinforced with graphite particles improved tribological properties [2] . Moustafa [3] et al. indicated the copper/graphite composite showed lower wear rate than the sintered copper compacts due to the formation of the lubricant layer. Li et al. [4] found that adding graphite particles to the nickel matrix showed a significant reduction in the friction and wear when compared to pure nickel. Especially, the self-lubricating iron matrix composites usually processed by the powder metallurgy technology play an important role in the industrial applications because of the high utilization rate, excellent tribological performance and numerous sources [5, 6] . Depending on the desired friction and wear properties, different reinforcements are used in iron matrix composites. Recently, it was shown that adding the solid lubricant MoS 2 to the iron matrix can make the friction coefficient of composites lower. Whereas, the weak mechanical strength of MoS 2 can result in the deterioration of the load bearing capacity of the iron matrix composites under heavy load [7, 8] , which has attracted some studies to improve this phenomenon. For example, the addition of ceramic particles into the iron matrix can enhance the anti-wear property of the materials. Han et al. [9] showed that the introduction of CaF 2 into Fe-Mo alloys improved the mechanical properties and obtained better tribological properties at both room and high temperature. Prabhu [8] investigated the friction and wear properties of Fe/SiC/graphite hybrid composite and found that SiC ceramic can strengthen the wear resistance of composites. The WCp particle can reinforce the abrasive wear resistance of ferrous matrix composites [10] . However, the large cost of ceramic particles limits the application of these iron matrix materials. It is desirable to develop a new method with a lower price to improve the deteriorated wear resistance of iron matrix composites resulting from the addition of MoS 2 .
Cryogenic treatment as the supplementary process to conventional heat treatment has been successfully proved to enhance wear resistance and mechanical properties of various materials due to its simple operation, lower price, and being environmentally friendly and none-damaging to work piece [11] [12] [13] [14] [15] [16] [17] [18] [19] . And the process has a wide range of applications from industrial tooling to the improvement of musical signal transmission, such as machining, cutting, rolling, deburring, etc. [20] [21] [22] . For instance, Zhirafar et al. investigated the effects of cryogenic treatment on the mechanical properties and microstructures of AISI 4340 steel, and showed that the transformation of retained austenite to martensite occurred, which is a key factor in improving hardness and fatigue resistance of the cryogenically treated specimens [23] . Podgornik et al. found that the deep-cryogenic treatment improved the abrasive wear resistance and better galling properties of P/M high-speed steel [24] . Candane et al. studied the effect of cryogenic treatment on microstructure and wear characteristics of AISI M35 HSS, and the results unambiguously confirmed enhancement in hardness and wear resistance of cryogenically treated specimens [25] . The use of combined techniques based on cryogenic cooling and minimum quantity of lubrication was proposed and compared with other near-to-dry coolant alternatives for not only technically but also environmentally efficient machining processes [26, 27] . Clearly, almost all the experiments used the cryogenic treatment on considerable steel materials, and the acceptable mechanisms for improvement of mechanical property are derived from the transformation of retained austenite to martensite and precipitation of fine carbide particles [11] [12] [13] 21] . However, research of cryogenic treatment about iron composites is very limited comparing with the conventional steels. In addition, due to different structures between iron composites and single-phase materials, it is more difficult to understand the related mechanism of composites after cryogenic treatment [26] [27] [28] [29] .
Therefore, it is necessary to cooperate the deep-cryogenic treatment into the self-lubricating iron matrix composites to obtain the good friction and wear performance, and further reveal the low-friction and wear behaviors of cryogenic treatment. In this study, the deep cryogenic treatment was adopted to study its effect on microstructures and tribological properties of iron matrix composites. MoS 2 and graphite were used as solid lubricants which play a key role in lubrication in the composites [30] [31] [32] , and Cu was satisfied with the liquid phase sintering for iron matrix materials and can also fill the gaps of materials during the sintering process [28, 33] . The NiWGr powers were used to enhance the strength of composites [32] . The phase constitution and microstructure were analyzed, the tribological properties of composites were discussed under different treated conditions, and then the wear mechanisms of the composites before and after deep cryogenic treatment were summarized.
Materials and Methods

Preparation of Iron Matrix Composites
The iron matrix composites were prepared by the powder metallurgy method, the characteristics and composition ratio of the raw powders used in this work are listed in Table 1 . The mixed powders were grinded in a stainless-steel mill pot in argon atmosphere in alcohol for 12 h with the rate of 250 r/min. The stainless-steel balls with a diameter from 4 to 10 mm were added into it, and the ball to powder weight ratio is about 10:1. After the grinding, the mixed power was put into a cylindrical mold under the pressure of 60 MPa for 2 min. Then the specimens were sintered at 1100 • C for 1 h under the argon atmosphere, cooling to the room temperature in the furnace. To study the effects of deep cryogenic treatment on the microstructure and tribological properties of the iron matrix composites, the as-sintered specimens were quenched in oil from 950 • C to the ambient temperature for 1 h, and then put into liquid nitrogen at the temperature of 
Microstructures and Tribological Properties Tests
The phase composition and analysis of the deeply cryogenic-treated specimens were detected by D8 advance (Bruker-AXS, Karlsruhe, Germany) X-ray diffractometry (XRD) with Cu Kα radiation (λ = 0.1546 nm). The scan range was between 30 • and 90 • (2θ) and X-ray diffraction data were carried out with a step 0.02 • . The microstructures and wear scar morphology of the specimens were probed by the JEM-7001F (JEOL Ltd., Tokyo, Japan) scanning electron microscope (SEM) with X-ray energy dispersive spectroscopy (EDS). The hardness of specimens was measured by the Vickers hardness tester FM-ARS900 (Shanghai, China) at the load of 4.9 N for 15 s. Each specimen was measured more than 10 times to get the average to ensure the reliability of the results.
The friction and wear tests were carried out on the MFT-5000 multi-functional friction and wear testing machine produced by Rtec Company (San Jose, CA, USA), with reciprocating sliding contact mode of ball on disc at room temperature. The cemented carbide ball YG8 (hardness: HRC 92) with a 10 mm diameter was used as the counterface material. The hardness of the YG8 is much larger than all samples, which is beneficial for the formation of wear tracks on the surface. The friction and wear test were performed under an applied load of 150 N, a reciprocating distance of 5 mm and a sliding speed of 0.08 m/s for 600 s. Here, the applied load is large enough and the wear tracks can be very clear after the wear tests. And the comparison of wear tracks can be distinguished obviously, which can reduce the testing error of surface toughness. The sliding speed is the fastest speed of the testing machine. The choice of the speed can facilitate the generation of wear tacks. In a word, all the parameters aim to generate the evident wear tracks and reduce the testing error of the next wear tracks.
The section profile of the wear scar was measured by the surface roughness instrument and the formula for calculating the wear volume is: W = AL, in which A is the section profile measured in five different places of the wear scar and L is the length of wear scar. The wear coefficient of the iron-based materials can be calculated by the formula I = W/FS, in which W is the wear volume, F is the applied load and S is the sliding distance. The friction and wear test were repeated at least three times to avoid the occasionality of the results.
Results and Discussions
Phase Constitution and Microstructure Analysis
The X-ray diffraction patterns of the iron matrix composites before and after deep cryogenic treatment are shown in Figure 1 . In Figure 1a , the austenite γ-fcc and martensite α -bcc solid solution are dominant in the iron matrix composites, as shown by the marked diffraction peaks. The WC and Cu 2 S are also important parts of the composites which are marked by numbers 3 and 4. The WC can enhance the wear property of iron matrix composites. The Cu 2 S is a good lubricant [34] , which comes from the reaction of Cu and MoS 2 during the sintering process [35] . And the resultant Mo element dissolves into the base to strengthen the iron base. In Figure 1a , the diffraction peaks of α -bcc are weaker than γ-fcc in AS and CT specimens. During the process of sintering, the elements Mo, Ni, Cr dissolve into the iron matrix. Since the Mo, Ni and Cr are austenite stable elements and can reduce the Ac1 and Ms transformation temperature [24, 25, 36, 37] , most of austenite exists at room temperature. As shown in Figure 1b , the diffraction peaks of α -bcc strengthens gradually with the increase of deeply cryogenic treated time, meaning the increase of the content of α -bcc phase. Magee et al indicated that the content of martensite was determined by the cooling temperature, namely, where ϕ is the volume fraction of martensite, Ms indicates the start of martensite transformation, and Tq is the cooling temperature [38] . Further, Cotes et al. studied the Gibbs energy modelling of driving forces and calculation of martensitic transformation and defined the driving force as the difference for the forward transformation increases with decreasing temperature [39] . Therefore, the deep cryogenic treatment can enhance the driving force of phase transformation of γ and α. 
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The microstructures of deep cryogenically treated specimens (T-2, T-4, T-8, T-12 and T-24) are listed in
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Figure 3. SEM images of (a) T-2, (b) T-4, (c) T-8, (d) T-12 and (e) T-24; (f) EDS of carbide E in (b) T-4.
Effects of Deep Cryogenic Treatment on Tribological Properties
The effects of cryogenic treatment on the friction coefficient of the iron matrix composite are shown in Figure 4a ,b. As shown in Figure 4a , the friction coefficient decreases significantly after deep cryogenic treatment. In Figure 4b , the average friction coefficient of deep cryogenic treatment of samples decreases firstly and increases subsequently with increasing deep cryogenic treatment time from 2 h to 24 h. The average friction coefficient of the iron matrix composite subjected to deep cryogenic treatment for 8 h achieves the lowest value. The lowest value (0.09) is reduced by 75% in comparison with AS (0.36). It is noted that the friction coefficient obtained in this work not only reflects the average friction behaviors but also illustrates the local relation between friction force and normal forces, like the maximum or minimum friction coefficient in Figure 4a . Compared with the results in this work, Lacalle et al. [44] defined the specific coefficient Ks = Ftooth/(ap·fz), where Ftooth is the maximum cutting force, ap is the depth of worn surface, and fz is the tooth passing frequency), which is similar to the friction coefficient and reflects the maximum force during cutting.
The hardness and wear coefficient of the iron matrix composites before and after the deep cryogenic treatment with different times are shown in Figure 4c . It can be found that as the cryogenic treatment time increases, the hardness increases but the wear coefficient drops down obviously. The sudden changes of both hardness and wear coefficient occur between CT and T-2, and the hardness and wear coefficient almost achieve the best value after deep cryogenic treatment for 8 h. In this case, the maximum hardness increases by almost 172.8% compared to the as-sintered specimen, from 253.2 HV to 690.7 HV. The minimum wear coefficient decreases by 63%, from 341 mm 3 /Nm (AS) to 126 × 10 −6 mm 3 /Nm (T-8). The results shown in Figure 4 demonstrate that the deep cryogenic treatment has a significant effect on the tribological properties of the iron matrix composite. The differences of microstructure and phase composition lead to the strengthening of the cryogenically treated iron matrix composite. As shown in Figures 1 and 3 , the content of α phase transformed from γ phase shows a gradual increase as the cryogenic treatment time increases. The maximum content of α phase in the base was achieved after the 8 h deep cryogenic treatment. The strength and hardness of the martensite α phase were superior to the austenite γ phase. Furthermore, the small particle carbides precipitation occurring in the process of deep cryogenic treatment of the iron matrix composite facilitated the increase of hardness additionally. The hardness of the iron matrix composite was mainly determined by the hardness of volume fraction of α phase and particles carbides sizes, hence, the specimens with cryogenic treatment showed a lower wear coefficient than the as-sintered specimens.
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For the sake of studying the deep cryogenic treatment influencing the wear performance of iron matrix composite materials, SEM analyses of the worn surface were carried out after the wear test. SEM micrographs and three-dimensional images of the worn surface of all the iron matrix composite are presented in Figure 5 . At the initial stage of wear, the iron base firstly deformed and extruded, accompanied with the removal of the iron base, and a large number of lubricants became more prone to be pulled out due to weak iron base support. In Figure 5a ,g,j, the worn surface of the as-sintered specimen displays severer damage and rougher structure than the specimens processed by the deep cryogenic treatment. The worn surface is covered by wear debris and peeling pits, and the wear scar is considerably wider and deeper. This reveals that the adhesion and scuffing occurred in this case, and AS has a weakly anti-wear performance with a large wear coefficient. In Figure 5b ,h,k, after the treatment of CT, the worn microscopic surface shows decreased signs of plastic deformation, the wear scars become relatively shallow, but there are still many furrows on the surface, and the wear scar is still wide and deep. The worn surface of the iron matrix composite after deep cryogenic treatment for 8 h is reasonably smooth, only a slightly loose wear debris exists on the worn surface, and the wear scars become smaller as shown in Figure 5c ,i,l. This is due to the martensite phase transformation and precipitation of carbides in the iron base, enhancing the hardness and strength of the base, which improves the wear resistance of composites. This result is in agreement with the wear coefficient as shown in Figure 4c . The EDS analysis of the worn surface was performed to confirm the generation of the film and their composition. In Figure 5d ,e, the intensity peaks of O and Fe demonstrate the reaction of the base with oxygen [45] and direct contact between the friction pairs happened during the wear test. In Figure 5f , the high intensity peaks of Cu and O come from the reaction of lubricant phase Cu 2 S and oxygen during the wear test, which indicates the formation of an adherent Cu 2 S film. It is believed that after deep cryogenic treatment, the iron base can support the film effectively and easily form protective film to prevent the direct contact [35, 46] .
Wear mechanisms depicted in Figure 6 have clearly explained the different tribological mechanisms of samples without deep cryogenic treatment and with deep cryogenic treatment [47] . For the AS sample, severe damage and severe oxidation occurred during the process of sliding wear. Due to the weakness of the base, lubricant films cannot form integrally and be rubbed away easily without the effective support of the matrix, which results in the direct contact between the matrix and counterparts. The contact surface of the matrixes were damaged and oxidized seriously. After conventional treatment, there is a slight decrease of wear and oxidation in the worn surface with the small increase of the matrix. After deep cryogenic treatment, only mild wear and oxidation exists on the worn surface. Intact lubricant film can be generated with the support of a high strength matrix, which can prevent direct contact [48] . Menezes [49] investigation concluded that solid lubricant film can prevent direct contact between mating surfaces and can reduce the friction coefficient and wear coefficient. Figure 6 . Wear-mechanism maps of all the samples before and after deep cryogenic treatment.
Tribological Mechanism
The friction and wear mechanism between the rubbing surfaces is symbolically displayed in Figure 7 . During the sliding AS specimen without deep cryogenic treatment in Figure 7a , the counterpart will break the lubricant film easily under heavy load, and the subsequent direct contact between counterparts is inevitable, leading to the appearance of a lot of abrasive particles, deep furrows, high plastic deformation, irregular pits and considerably wide grooves due to the weakness of the iron base. After the deep cryogenic treatment, the martensite phase transformation and precipitation of carbides occurred in the iron base, which increases the hardness and strength of the base. Effective solid film lubrication (Figure 7b ) will be achieved because of the adequate support from the substrate, which prevents the direct contact between counterparts [50, 51] . Therefore, after deep cryogenic treatment, the average friction coefficient and wear coefficient will decrease significantly when compared with the as-sintered specimen. 
Conclusions
In this work, the tribological properties of the NiWCr iron matrix self-lubricating composites processed by the deep cryogenic treatment were investigated. The results are as follows:
(1) The analysis of phase constitution and microstructure show that the diffraction peaks of α′-bcc are weaker than γ-fcc in AS and CT specimens. During the process of sintering, the elements Mo, Ni, Cr dissolve into the iron matrix, reducing the Ac1 and Ms transformation temperature, so most of the austenite exists in the room temperature. With the increase of deep cryogenic treatment time, the martensitic phase transformation from phase γ to α occurs, and the fine particle carbides will precipitate between martensites. (2) The tribological properties indicate that compared with the as-sintered specimens, the specimens with the deep cryogenic treatment resulted in the remarkable improvement of hardness. And the maximum hardness of the specimen processes by the deep cryogenic treatment increased by about 172.8%, from 253.2 HV to 690.7 HV. (3) When compared with the as-sintered specimen, after 8 h of deep cryogenic treatment, the specimens have the best tribological property. The worn surface of iron matrix composite is smooth and only a slightly loose wear debris exists on the worn surface, which improves the wear resistance of composites. And the average friction coefficient decreases by about 75%, from 0.3578 to 0.0905, the wear coefficient decreases by about 63%, from 341 mm 3 /Nm to 126 ×10 −6 mm 3 /Nm. (4) The friction and wear mechanism is that the deep-cryogenic treatment makes the formation of solid lubricating film and prevents the direct contact between counterparts.
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